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I Abstract ~ 

For protons up t o  187 MeV, the  charge pulse created i n  a s i l i c o n  semi- 
conductor detector has been shown t o  be d i r e c t l y  proportional t o  the  energy 
absorbed i n  the sens i t ive  volume--whether t he  ionizing p a r t i c l e  i s  t o t a l l y  
absorbed o r  not-and t o  be independent of t he  spec i f ic  ionizat ion of t he  
ionizing radiat ion producing the response. Research has shown t h a t  properly 
designed detectors can be used t o  measure the  t o t a l  energy absorbed i n  a 
known volume of s i l i con ,  i. e. the "s i l icon dose", under heterogeneous rad ia t ion  
f i e l d  conditions and a l so  t o  obtain the l i n e a r  energy t r ans fe r  (LET) spectrum. 
it i s  proposed here t o  continue basic research on t h e  cha rac t e r i s t i c s  of 
s i l i c o n  and other semiconductor detectors t o  determine the proper design and 
construction as wel l  as the  l imitat ions f o r  detectors  used as dosimeters. 
Calibration techniques, as w e l l  as techniques f o r  ve r i f i ca t ion  of measured 
value as t rue  energy absoybed, w i l l  be given major a t tent ion.  

- -  

Experimental and theo re t i ca l  t rans la t ion  of "s i l icon  dose'' i n t o  " t i ssue  
(muscle, fa t  and bone) dose" i s  t o  be accomplished f o r  protons over t h e  
proposed range of energies found i n  solar f l a r e s  and i n  the  V a n  Allen be l t s .  
Both atomic and nucleas in te rac t ions  between the  incident  protons with a)  
s i l i c o n  and b )  t he  stoms per t inent  t o  muscle, fat and/or bone composition 
w i l l  be s tudied theo re t i ca l ly  and experimentally. 

I1 Technical Descriptior, 

A. Statement of the Problem: 

Ekergy i s  imparted t o  matter by exclzation and ioniz&-;.' ? *  Z i o n )  o r  c- 

by nuclear in te rac t ion  (hut). 
i n  m n y  cases have energies ( E e s )  g rea t  enough t o  escape 5, SEL- 
- e.&., a s m a l l  dosimeter, chosen fo r  a dose determination. 2' increase 
i n  rest  m a s s  takes place i n  nuclear or  elementary p a r t i c l e  react ions 
w'it'nin the  chosen volume, t h i s  quantity of energy, Em, must be con- 
s iaered.  

These processes c rea te  secorAcL5s: -.< which 
rolme, 

The energy absorbed i n  a given volume m a y  be expressed by 

The b io logica l  e f f e c t  of radiat ion depends upon (1) the  ion  density 
along the  t rack  of an ionizing pa r t i c l e ,  (2)  t h e  ion density surrounding 
<he s i t e  of a nuclear interact ion,  and (3) the  t o t a l  energy absorbed. 
The sane dose, i.:., t o t a l  energy absorbed from ionizing radiat ions of 
d i f f e ren t  LET v a u e s  can produce quant i ta t ive ly  and qua l i t a t ive ly  differ-  
e s t  b io logica l  e f fec ts .  
information concerning both energy absorbeO and the I;ET spectrum at Vie 
s i t e  of i n t e re s t .  

Any physical measurement of dose should provide 

it has been shown tha t ,  f o r  protons having energies up t o  187 Xe-, 
the charge pulse created i n  a s i l i con  semiconductor detector  is  direct-y 
2roport ional  t o  the  energy absorbed i n  the  sens i t i ve  volume. Thus 



.. 
serdconiuctor detectors,  properly used, have the  capabi l i ty  of measuring 
both the  energy absorbed i n  the  sens i t ive  volume of the  detector and the 
s i l i c o n  LET spectrum during exposure t o  ionizing radiat ion.  Si l icon dose 
and s i l i c o n  LET spectrum must then be t r ans l a t ed  i n t o  t i s s u e  (muscle, fat  
and/or bone) dose and LET spectrum f o r  meaningful b io logica l  dosimetry. 

The research conducted under t h i s  grant will have as i t s  objectives:  

1. t o  study the  basic charac te r i s t ics  of semiconductor detectors,  
i n  order t o  determine the  physical cha rac t e r i s t i c s  which a detector- 
dosimeter must have t o  make physical  measurements of energy absorbed i n  
a 'mown m a s s ,  and the  corresponding LET spectrum f o r  protons over tine 
range of proton energies found i n  t h e  Van Allen b e l t s  and i n  solar flares; 
and 

, 

2. t o  determine both theore t ica l ly  and experimentally the  proper 
t r ans l a t ion  of energy absorbed i n  the  sens i t ive  volume of t he  detector- 
dosimeter i n t o  dose and LET spectrum f o r  muscle, fat  and bone as a 
f u c t i o n  of proton energy. 

B. Progress Report: June 1964-January 1966 

I. Experimental Progress 

A. Lithium Drifted Si l icon Semiconductor lk tec tors :  
1. Fifty-foirr d i f f e ren t  detectors  have been incorporated lnto 

this study. They represent a family of various s ized  
devices ranging i n  s i z e  from l x  1 x 1 m m  t o  7 x 7 x 150 m. 
Long detectors,  i .e. ,  having proton path lengths i n  s i l i c o n  
of 10, 20, 30, 50, 70, 100, 120, 130 and 150 mm are  being 
use2 to t o t a l l y  absorb high energy protons. Shorter path 
lengths are  used t o  measure stopping power dE/pdX i n  s i l i con .  
Sodzhern Methodist University has the  capabi l i ty  of f a b r i -  
cz t ing  Lithium-drifted detectors of any desired shape. New 
tec?fiiqu;?s of fabr icat ion,  mounting and encapsulation are 
being developed. 

simultaneous measurements of dE/dx and E with pos i t ive  
iden t i f i ca t ion  of both the mass and energy of t he  incident  
p a r t i c l e  f o r  t r ans l a t ion  t o  a surface dose and depth distri- 
bution. 

2. 

3. Coabinations of detectors have been developed t o  permit 

B. Sto2pirig Power Measurements: 

i=ata has been taken using protons having energies of 5 ,  6, 8, 

Absorbers were used i n  duplicate sets of three d i f f e ren t  
thicknesses permitt ing measurements on six d i f fe ren t  absorbers 
with each of two o r  more detectors.  

10, 11, 12, 13, 14, 15, 16, 36, 37, 40, 100, 160, and 187 MeV. 

a. Elements: Al, CU, Si, C. 
b. P las t ics :  Nylon, plexiglass,  po lye tb lene ,  t i s s u e  

c. Tissue: Bone, muscle, fat. 
equivalent . 
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C. 

D. 

E. 

Chazge-pulse response of s i l i con  detectors:  

The charge-pulse response of many of the  detectors  have been 
measured f o r  t he  proton energies l i s t e d  i n  B. as a function of 
proton energy, proton path length i n  s i l i c o n  and operating 
conditions of the detector.  The averwe energy required t o  
produce an ion-electron p a i r  has been obtained from both t h e  
stopping power measurements i n  s i l i c o n  and from t he  p o t o n s  
t o t a l l y  absorbed i n  s i l i con .  Tnese data are required t o  
t r a n s l a t e  the  current from each detector  produced by a known 
rad ia t ion  flux density and s tored i n  a ca l ibra ted  condenser 
i n t o  dose, i .e . ,  the  t o t a l  energy absorbed per  u n i t  mass of 
s i l i c  on. 

i k t ec to r  Li fe - t ime Behavior Studies: 

The depletion depth, volume, noise leve l ,  charge pulse per Nev, 
dask current  and capacitance are beirig measured f o r  each de- 
t e c t o r  used i n  the study. The complete age-usage h is tory  thus 
obtaified over the two year period will be used t o  a)predict  
t h e  usable l i f e  of a detector and b )  t o  pin-point and predic t  
l o s s  of r e l i a b i l i t y  of data produced by the detector.  

FieiZ Trips: 
1. t o  t he  University o?l" Texas, Austin, Texas 

a t e s :  October 10-11, 1964 
Accelerator time: 36 hours 
Proton Energies 5-14 MeV 

a t e s :  Ikcember 28-29, 1964 
Accelerator time: 36 hours 
Proton Energies 8-16 Nev 

a t e s :  November 21-29, 1964 
Accelerator t i m e :  80 hours 
Proton Energies: 36-40 MeV 

2. O a k  -3idge National Laboratories, O a k  R i d g e ,  Tennessee 

3. University of Uppsala, Uppsala, Sweden 
h t e s :  October 23-November 8, 1964 
Accelerator t i m e :  100 hours 
Proton Energy: 187 MeV 

&i,tes: 14ay 20-22, 1965 
Accelerator time: 24 hours 
Proton Energies: 21-30 MeV 

5.  XcGi11 University, Montreal, Canada 
h t e s :  August 4-15, 1965 
Accelerator t i m e :  110 hours 
Proton Energy: 100 MeV 

b t e s :  August 16-19, 1965 NOTE: Cyclotron main generator 

4. University of Southern California,  Los Angeles, Cal i forn ia  

6. Earvazd University, Canbridge, Mass. 

f a i l e d  j u s t  before SMU t u r n  t o  "go on the  beam. ' I  

mjor breakdown forced rescheduling f i e l d  t r i p  t o  
This 

Ihtes: Januasy 18-21;, 1966 

Proton Energy: 160 MeV 
k c e i e r a t o r   ti.^^: 84 
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F. NASA Part ic ipat ion:  

Nembers of the NASA, Manned Space Center, Space Radiation and 
Fields Branch par t ic ipa ted  i n  the research e f f o r t  at the  
University of Tj'ppsala, at O a k  Ridge National Laboratory, and at 
NcGill University. 
i n t e r e s t  t o  t h i s  Branch were accomplished. 
of nuclear t rack  p l a t e  emulsions and ca l ib ra t ion  of various dosimeters. 
The accelerator  time made available t o  NASA at no charge ranged from 
10 t o  24 hours at each f a c i l i t y .  

A t  each f a c i l i t y  addi t ional  research of spec ia l  
These included exposure 

11. Tneoretical  Progress 

A. 

, ' B. 

C. 

D. 

Linear Stopping Power Calculations: 

A program f o r  ca lc -da t ing  1icea.r stopping power, dE/pdx; based on 
the  %the-Block equation 

incl-dCTng s h e l l  corrections bas bees completed, t e s t e d  and used on 
the  SXJ, C~C-1604 computer t o  ca lcu la te  t he  cor rec t  thicknesses f o r  
t he  pure absorbers, Al, Cu, SL, ard C. The mean ionizat ion poten t ia l ,  
I, has been evaluated experimentally f o r  each element. 

Xonte Carlo Stopping Power Cdcula t ions  : 

Trie li;.eaz stopping power program has been incorporated i n t o  a 
Xofize C a s 1 0  t r a m p o r t  program which p e r a i t s  Coulomb in te rac t ion  WiZh 
boch the  o r b i t a l  e lectrons arid the  nuclei .  
used TO ver i fy  the  stopping power measurement and the  energy s t r sgg le  
measured experimentally. 

This program has been r-- 

Ceterni;n'ation of Z, A and I for coaplex absorbers: 

Tke above programs are being used t o  determine e f f ec t ive  Z, A, and 
I v a h e s  f o r  water, bone, neat and fa t  based on the experinental  
s to32irg power measurements. 
whlch dose, i. e., t h e  t o t a l  energy absorbed per  un i t  m a s s  of the  
absorbing material ,  can be calculated as a function of f lux density, 
ty9e and energy of t h e  ionizing radiat ion.  

The end r e s u l t  w i l l  be a prograa by 

Calculation of Effective Z, A, and I.: 

The e f f ec t ive  values of Z, A, and I f o r  each of four p l a s t i c s  
s tudied are being used t o  obtain a mathematical model f o r  ca l -  
cu lz t ing  these quant i t ies  where t h e  chemical composition and 
relat ive abundance of a heterogeneous material i s  known. 
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